The information presented in this chapter was submitted and accepted for publication in the Journal of Insect Physiology. The author's contribution to this body of work include all AgArr1 rescue of function and heterozygous-condition physiology assays, as well as all in situ hybridization and Real Time PCR experiments.
Introduction
Olfaction plays a significant role in mediating a variety of critical behaviors in insects (Hallem et al., 2006) . This olfactory dependence is particularly relevant in hostseeking and other behaviors of the mosquito An. gambiae, which is the principal Afrotropical vector for human malaria (Zwiebel and Takken, 2004) . In An. gambiae, as in other insects, odorants first encounter the peripheral olfactory system through pores on sensory hairs, known as sensilla, which populate head appendages (the antennae, maxillary palps and proboscis). It is here that they contact the dendrites of ORNs, and the components of signal transduction pathways that translate chemical information from the environment into neuronal activity (Steinbrecht, 1996) . Largely as a result of studies in the insect genetic model system Drosophila melanogaster, many of the key players presumed to be involved in OR activation and subsequent olfactory signal transduction have been identified. Indeed, a novel family of putative 7TM GPCRs have been identified in D. melanogaster (Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999) and An. gambiae (Hill et al., 2002; Robertson et al., 2003) . Many of these proteins have been subsequently shown to function as bona fide ORs (Dobritsa et al., 2003; Hallem et al., 2004b; Lu et al., 2007) .
Several components downstream of odorant-activated OR signaling pathways have been implicated as playing a role in Drosophila olfactory signal transduction. These include genes encoding G protein (Kalidas and Smith, 2002) , phospholipase C (Riesgo- Escovar et al., 1995) , phosphatidylinositol transfer protein (Riesgo-Escovar et al., 1994) , cAMP phosphodiesterase (Gomez-Diaz et al., 2004) , cyclic nucleotide and voltage-gated ion channels (Dubin et al., 1998) , and, from our own work, sensory arrestins (Merrill et al., 2002; Merrill et al., 2005) . While the roles of these downstream elements have not been fully elucidated, they are all consistent with the overall paradigm of GPCRmediated signal transduction. There are, however, emerging indications that insect olfactory transduction may not embrace canonical GPCR signaling (Benton et al., 2006) , suggesting that a comprehensive model for olfactory signal transduction in D.
melanogaster and other insects still remains undefined.
As crucial as receptor activation and primary signal transduction are to the facilitation of detection of olfactory cues, integration of the signal in space and time is reliant on the appropriate termination of the transduction cascade, a process known as deactivation. Homologous GPCR desensitization, which ultimately results in reduced receptor responsiveness was originally studied in vertebrate systems, and specifically occurs subsequent to receptor activation and involves the rapid uncoupling of a receptor from its partner G protein (Krupnick and Benovic, 1998) . Under this paradigm, ligand binding is followed by activation-dependent receptor phosphorylation (Wilden and Kuhn, 1982; Kuhn et al., 1984) . While this step slightly diminishes signaling, subsequent binding of arrestin proteins are necessary for full GPCR deactivation (Kuhn and Wilden, 1987) . Arrestins, which display a high selectivity toward the activated, phosphorylated form of the receptor (Gurevich and Gurevich, 2004) , mediate this process by functionally competing with G proteins for binding sites within the receptor to prevent further signal transduction (Ferguson and Caron, 1998) . The first arrestins to be identified were isolated from the vertebrate visual systems (Wilden et al., 1986) , and have accordingly been characterized as visual arrestins.
A second class of vertebrate arrestins encompass the non-visual subtypes (Krupnick and Benovic, 1998) and are known as β-arrestins because they were first described according to their role in the desensitization of β-adrenergic receptors (Lohse et al., 1990; Attramadal et al., 1992) . They have since been shown to also regulate vertebrate olfactory signal transduction cascades (Dawson et al., 1993; Mashukova et al., 2006) . Since that time, a plethora of these and other studies have led to the wellaccepted paradigm whereby arrestin proteins facilitate a diversity of processes pertaining to GPCR-mediated signal transduction. These include desensitization processes linked to endocytic pathways that function in receptor internalization as well as recycling and degradation (Prossnitz, 2004) . Moreover, the β-arrestins have been shown to mediate other cellular processes via interactions with secondary signal transduction cascades through the recruitment and activation of MAPK and other effector proteins (Lefkowitz and Shenoy, 2005; Gurevich and Gurevich, 2006a) .
Arrestins have also been identified and characterized in several other insect species, most notably the fruit fly D. melanogaster, in which two visual arrestins, DmArr1 and DmArr2, were originally identified based on sequence homology (Smith et al., 1990; Hyde et al., 1990; LeVine et al., 1990) and function (Dolph et al., 1993) to vertebrate visual arrestins. Not surprisingly, these arrestins have also been shown to play a role in the internalization of rhodopsin in Drosophila (Satoh and Ready, 2005; Orem et al., 2006) . DmArr1 and DmArr2 are also expressed in D. melanogaster olfactory tissues, leading to their reclassification as sensory arrestins (Merrill et al., 2002 (Merrill et al., 2002) . In a subsequent study, three additional An.
gambiae arrestins were characterized. AgArr2 is highly homologous to DmArr2 and, likewise, is expressed in multiple sensory systems. AgArr3 is homologous to the nonvisual kurtz arrestin gene in Drosophila (DmKrz) (Roman et al., 2000) and is similarly ubiquitously expressed, while AgArr4, which is also widely expressed, belongs to a divergent arrestin class and has an unknown function (Merrill et al., 2003 
Materials and Methods

Fly cultures
The wild-type flies used as controls in this experiment were Oregon R, obtained Louis, Missouri) to the concentrations indicated in figure legends.
Electroantennogram Physiology
The electroantennogram (EAG) responses of wild-type and arrestin mutant flies were recorded in a similar manner to those in previous studies (Alcorta, 1991; RiesgoEscovar et al., 1994; Merrill et al., 2005) . Briefly, 2-to 7-day-old adult female Drosophila odorant stimulation via silver-chloride wires to a signal acquisition system (IDAC232, Syntech, The Netherlands). Data were collected at 25 Hz, amplified 10X and converted from analog to digital, then displayed on a Gateway PC computer. EAG analysis was performed using EAG2000 software (Syntech, The Netherlands). The reference electrode was inserted into the back of the head while the recording electrode was placed on the anterior dorso-medial surface of the 3 rd antennal segment to establish electrical contact. The amplitude of response, which represents the peak voltage deflection in response to odorant presentation, was recorded for analysis.
D. melanogaster Germline Transformation and Generation of Transgenic Rescue Lines
All techniques were performed as previously described (Merrill et al., 2005 
In Situ Hybridization
Fluorescence in situ hybridization (FISH) was performed using a modified version of previously reported methodology (Vosshall et al., 1999; Vosshall et al., 2000) . Briefly, phosphate buffered saline (PBS)] was followed by three 5-min washes with 1X PBS, a 10-min acetylation application and then three additional 5-min washes with 1X PBS (all washes performed at room temperature). Pre-hybridization and hybridization steps were carried out with hybridization solution as follows: 50% formamide, 5X SSC, 5X
Denhardt's solution, 250 µg/ml salmon sperm DNA, 50 µg/ml heparin, 2.5 mM EDTA, 0.1% Tween-20. Pre-hybridization was carried out for 2 h at 55°C, and hybridization for 21 h at 55°C.
Subsequently, one 10-min 5X SSC wash (55°C), three 20-min 0.2X SSC washes (55°C) and one 10-min 1X PBS-tw wash (1X PBS, 0.1% Tween) were sequentially carried out prior to blocking and antibody labeling. 
RNA Extractions
Antennae were dissected by hand and placed into 1.5-ml eppendorf tubes on dry ice. For each genotype, 120-150 antennae from female flies were dissected for RNA preparation. Total RNA was prepared using RNeasy Mini reagents, as described in the supplier's protocol (Qiagen Inc, Valencia, California), and then treated with DNase according to the DNA Free protocol (Ambion, Austin, Texas) to eliminate potential genomic DNA contamination. The total RNA preparation was then used for oligo-dT cDNA first-strand synthesis using Superscript III Reverse Transcriptase (Gibco/Invitrogen, Carlsbad, California), according to the manufacturer's instruction. For each genotype, 500 ng total RNA was used for each reverse transcription reaction. For each genotype, three independent RNA extractions were conducted, in parallel, for subsequent use in comparison of relative expression levels (see 2.8. and 3.3.) .
Primer Design
Real Time PCR (RT-PCR) primers were designed to span exon-intron boundaries, where appropriate, and were obtained from Integrated DNA Technologies were run in triplicate, and average fluorescence C t values were obtained. Amplification efficiencies were calculated as described previously (Bohbot and Vogt, 2005) , and relative gene expression ratios were determined using the Pfaffl method of analysis (Pfaffl, 2001) .
Results
The objective of the studies reported here was to validate a functional role for the 
Validation of function in this regard would lend strong support to the view that these
AgArrs are likely to function in the same manner in mosquito olfactory pathways. This result would foster the rationale that in vivo targeting of AgArr1 or AgArr2 function in An.
gambiae should result in olfactory deficits in the mosquito, and would be expected to impact its vectorial capacity.
Electrophysiology Data
As in previous studies (Merrill et al., 2005) , we utilized the bipartite Gal4/UAS system (Brand and Perrimon, 1993) In these studies, class-I odorants, which include 1-octanol and 2-heptanone, cn mutant males, and responses were recorded for 2-heptanone and other odorants (described above). In all cases, wild-type response levels that were indistinguishable from those of Oregon R flies were observed (data not shown). In consideration of this, we suggest that a threshold be established wherein the heterozygous condition (i.e., approximately 50% of wild-type DmArr1 expression levels) sufficiently confers wild-type levels of olfactory sensitivity to the fly. This model however does not address the possibility that over-expression of AgArr1 may in fact be selectively responsible for the phenotype observed in response to olfactory stimulation with 2-heptanone.
Previously, we utilized a simple larval mobility assay to examine the ability of DmArr1 transgenes to functionally rescue defects in olfactory-mediated behavior in
Drosophila arr1
1 mutant's responses to 1-octanol (Merrill et al., 2005) . In a similar manner, we used these behavioral paradigms to examine the ability of transgenic In all of these scenarios, involving multiple independent lines of inserts for each transgene, restoration of olfactory sensitivity to wild-type levels was never observed (data not shown).
Localization of Transgenic AgArr1 in the Antennae of Rescue Flies
In order to confirm the neuronal expression of the AgArr1 transgene in ORNs as an underlying basis for transgenic rescue, we applied the in situ hybridization (ISH) technique ( Figure 10 ) in an examination of the Gal4/UAS rescue flies. In these studies, the broadly expressed co-receptor, Or83b, which plays an obligatory role in olfactory sensory physiology, acts as a de facto ORN marker for the majority (70-80%) of these cell types (Larsson et al., 2004) . For these experiments, coexpression of AgArr1 and
Or83b is observed in a majority of Or83b-positive olfactory sensory neurons, indicative of the presence of transgenic AgArr1 in the ORNs (Figures 10A-10C ). Furthermore, these results are comparable to expression patterns of transgenic DmArr1, being driven by the same elav-Gal4 construct, for which we have previously demonstrated rescue of function in the arr1 1 mutant background (Merrill et al., 2005) (Figures 10D-10F ). ISH control studies were also carried out in parental UAS-AgArr1 and UAS-DmArr1 lines, in which transgenic AgArr1 and DmArr1 expression is precluded, respectively. In both these instances, expression of transgenic AgArr1 or DmArr1 was undetectable in these flies (data not shown).
Real Time PCR Analysis of AgArr1 mRNA Levels in Transgenic Rescue Animals
In order to further validate transgene expression levels, we employed quantitative RT-PCR to assess antennal AgArr1 expression levels relative to both endogenous and transgenic DmArr1 in the antennae of Gal4/UAS-DmArr1 rescue flies. In these studies, where expression levels of the ribosomal protein gene rp49 were examined to serve as a calibrator for total RNA levels ( Figure 11 ), both DmArr1 and AgArr1 transgenes were expressed at markedly higher levels than the endogenous DmArr1 gene in wild-type Oregon R flies. Furthermore, we observed only an overall modest difference in levels of AgArr1 transgene expression (1.5-fold increase) relative to similarly expressed DmArr1 transgenes in arr1 1 mutant backgrounds, which is consistent with the similar patterns of phenotypic rescue in these lines. In all cases, endogenous levels of DmArr1 were undetectable in the arr1 1 mutant background (data not shown), consistent with its characterization as a hypomorphic arrestin allele (Smith et al., 1990) .
Discussion
In light of our observations that both DmArr1/DmArr2 and AgArr1/AgArr2 are expressed in the antennae of D. melanogaster and An. gambiae, respectively (Merrill et al., 2002) where they may be reasonably assumed to be active in olfactory processes,
we initially focused on a broad examination of the potential combinations for transgenic Figure 11 . Expression of transgenic arrestin is quantitatively greater than endogenous wild-type arrestin. Relative expression levels of transgenic AgArr1 (tAgArr1) and transgenic DmArr1 (tAgArr1) in Gal4/UAS rescue flies, normalized to endogenous rp49 expression levels, compared with expression levels of endogenous DmArr1 (eDmArr1) in wild-type Oregon R flies. Error bars are indicative of standard error, calculated from variability of relative expression levels for three independent experiments.
rescue of olfactory arr mutant phenotypes. Accordingly, DmArr1, AgArr1, DmArr2 and AgArr2 transgenes were assayed for the ability to restore olfactory sensitivity in arr1 Without postulating as to the mechanism underlying this observation, it is reasonable to suggest this lack of AgArr1 expression in Or83b-positive ORNs may also contribute to the partial rescue observed in response to the odorant 2-heptanone. We additionally examined mRNA expression levels of the AgArr1 and DmArr1 transgenes in relation to endogenous wild-type DmArr1 and observed a significant overexpression of the mRNA expression levels of each transgene relative to the endogenous wild-type DmArr1
transcript. This is consistent with numerous studies utilizing elav-Gal4 driver lines and apparently does not cause a phenotype in and of itself, as olfactory sensitivity is restored to wild-type levels when these transgenes are expressed in the arr1 1 mutant background. However, only a modest difference was observed between the expression levels of the AgArr1 and DmArr1 transgenes relative to each other. With all this in mind, we favor the view that a variety of factors, including differential mRNA or protein stability leading to subtle alterations in expression levels and/or spatial patterns, account for the data, rather than just a true functional divergence between DmArr1 and AgArr1. Such differences would reasonably be expected to be reflected in a broader contrast in phenotypic rescue, rather than a partial rescue in response to one specific odorant.
In conclusion, this study supports the view of both a broad requirement for sensory arrestins and a specific functional role for AgArr1 in insect olfaction. That said, a mechanistic understanding of the precise role of sensory arrestins within the context of insect olfactory signal transduction still remains unclear. Inasmuch as several studies (Dolph et al., 1993; Satoh and Ready, 2005; Orem et al., 2006) 
